. B. subtilis catabolizes glucose and other sugars to pyruvate during exponential growth (26) . Instead of oxidizing pyruvate further, they excrete it as acetoin, thereby limiting the respiratory chain activity (26) . In contrast, during the stationary phase, acetoin is reused from the media leading to the increase of oxidative phosphorylation. 22 24. Nitrate/nitrite in the media is not a quantitative reflection on actual NO production. NO is synthesized intracellularly and freely diffuses out of the cell where it is oxidized to nitrate/nitrite. Much of this nitrate/nitrite is taken up and used by bacteria. Thus, the net increase in nitrate/nitrite in the media is appreciably less than the amount of NO that is actually synthesized. Five to seven micromolar of NO 2 − /NO 3 − per hour (~100 nM/min) is a large increase. Previously we demonstrated that only a single treatment with 30 mM NO renders cells resistant to oxidative stress (4) . Sustained NO production at higher levels is toxic [e.g., (27) ]. Cells need to produce the optimal level of NO in response to toxins, enough to suppress the Fenton reaction, but not enough to affect the respiratory chain and glycolysis. 25 , which are conserved from archaea to eukaryotes. Methylation is dictated by base pairing between the specific guide RNA component of the sRNP or snoRNP and the target rRNA. We determined the structure of a reconstituted and catalytically active box C/D sRNP from the archaeon Methanocaldococcus jannaschii by singleparticle electron microscopy. We found that archaeal box C/D sRNPs unexpectedly formed a dimeric structure with an alternative organization of their RNA and protein components that challenges the conventional view of their architecture. Mutational analysis demonstrated that this di-sRNP structure was relevant for the enzymatic function of archaeal box C/D sRNPs.
I
n all three kingdoms of life, nucleotides in ribosomal RNA (rRNA) are posttranscriptionally modified. The nucleotide modifications cluster in phylogenetically conserved regions and are important for ribosome structure, stability, and function (1) . One of the most common nucleotide modifications is 2´-Omethylation of ribose residues, which is performed by box C/D small ribonucleoproteins (sRNPs) in archaea and small nucleolar ribonucleoproteins (snoRNPs) in eukaryotes, respectively. Modifications are guided by base pairing of the RNA component of sRNPs and snoRNPs with their target rRNAs (2, 3). Understanding the mechanism of action of these sRNPs and snoRNPs requires knowledge of their organization and architecture.
The RNA component of box C/D sRNPs and snoRNPs is characterized by conserved box C, C´, D, and D´sequence elements, which are bound by core box C/D proteins (Fig. 1A) [reviewed in (4) ]. In archaea, the core proteins include L7Ae, Nop5 (also called Nop56/58), and the methyltransferase enzyme fibrillarin, which all have mammalian homologs. Whereas the core proteins are common to all box C/D sRNPs and snoRNPs, the sRNAs and snoRNAs differ in sequence, especially in the D and Dǵ uide regions that form base pairs with specific sites in target RNAs (2, 3, 5, 6).
In contrast to their eukaryotic counterparts, enzymatically active archaeal box C/D sRNPs can be reconstituted in vitro (7) . For efficient 2´-O-ribose methylation, each of the box C/D and box C´/D´motifs in one sRNA are required to assemble symmetrically with all three core proteins into an RNP that is conventionally illustrated as containing one sRNA and two copies of each of the three core proteins (Fig. 1A) (8, 9) . However, no structure of enzymatically active box C/D sRNPs containing the full-length sRNA exists.
To determine the three-dimensional (3D) structure of a reconstituted and catalytically competent methylation guide sRNP from the hyperthermophilic euryarchaeon Methanocaldococcus jannaschii, we used electron microscopy (EM) and single-particle analysis. We reconstituted box C/D sRNPs in vitro using recombinant M. jannaschii core proteins and in vitro transcribed M. jannaschii sR8 sRNA and subsequently purified the assembled RNP on glycerol gradients. All sRNP components comigrated in peak gradient fractions 10 and 11 (Fig. 1B) . Consistent with previous results (9) , assembly required the presence of the sRNA (Fig. 1C) .
The purified sRNP was catalytically active for methylation of RNA substrates using either guide sequence in the sR8 sRNA, and methylation was specific to the fifth nucleotide upstream of boxes D and D´ (Fig. 1E) . Comparison of the reconstituted sRNP to molecular mass markers of indicated S values (Fig. 1B) as well as to the human U1 snRNP (240 kD; Fig. 1D ) showed that the catalytically active box C/D sRNP migrated at 12 S, faster than the human U1 snRNP. In contrast, the heterotetrameric complex formed by Nop5 and fibrillarin (136 kD) (8, 10, 11) migrated at~6.5 S in glycerol gradients (Fig. 1C  and fig. S1 ). EM analysis of negatively stained complexes from peak gradient fractions showed a monodisperse population of particles ( Fig. 2A and fig.  S2D ). Use of the random conical tilt method (12) enabled a 3D ab initio reconstruction of the box C/D sRNP by single-particle analysis (figs. S3 to S8). The EM structure was refined to a resolution of 27 Å ( fig. S6B) (13) . The experimental class averages and projections of the refined volume were in good agreement with each other (Fig. 2B) .
The refined sRNP volume measured 14.8 nm by 13 nm by 9 nm and exhibited two-fold pseudosymmetry (Fig. 2C) . Consistent with our biochemical analyses (Fig. 1 and figs. S1 and S2) , the volume was larger than anticipated on the basis of existing atomic-resolution structures of box C/D core proteins and the conventional box C/D sRNP model (10, 11) . Docking of the crystal structures into the EM volume revealed that it could accommodate not one but two Nop5-fibrillarin heterotetramers, placing fibrillarin in the corners of the complex (Fig. 2D) . Consistent with a relative 1:1:1 stoichiometry of L7Ae, Nop5, and fibrillarin as determined by quantitative amino acid analysis (13), four L7Ae molecules could be fit into the remaining density, placing L7Ae in proximity to the C-terminal domain of Nop5 (Fig. 2D) . Thus, the sRNP EM volume contained four copies of each core protein.
Previous biochemical data (8, 9, 14) , together with the presence of four sets of each of the core proteins (L7Ae, Nop5, and fibrillarin) in the sRNP volume, strongly suggest that the box C/D sRNP contains two sRNA molecules. The box C/D and C´/D´motifs are most likely positioned in the remaining density in proximity to the sRNA binding protein L7Ae (15) and the C-terminal RNA binding domain of Nop5 (10) . This topology is consistent with the recent crystal structure of hPrp31 (a Nop5 homolog) complexed with 15.5K (an L7Ae homolog) and a U4 snRNA fragment ( fig. S9) (16) .
Although the resolution of the EM structure did not allow the sRNA molecules to be unambiguously localized, the distribution of the remaining density in the EM volume not occupied by the core box C/D proteins implies that the two sRNAs connect the two Nop5-fibrillarin heterotetramers along the short sides of the sRNP volume and follow a different directionality than the Nop5 coiled-coil domains. Consistent with this interpretation, ribonuclease treatment of the reconstituted sRNP yielded smaller complexes (14 nm by 6 nm in projection), which were about half the size of untreated sRNPs ( fig. S10 ).
Taken together, these results were not compatible with the conventional model of box C/D sRNP architecture (Fig. 2F ) but could be explained by an alternative model: a di-sRNP containing four copies of each core protein and two sRNAs (Fig. 2E) . To verify the di-sRNP model, we analyzed sRNPs lacking both fibrillarin and the Nterminal, fibrillarin-interacting domain of Nop5 (Nop5DN/minus fibrillarin). Docking of the crystal structures into the EM volume (Fig. 2D) predicted that these RNP components occupied the density in the four corners of the sRNP volume and that Nop5DN/minus fibrillarin sRNPs should lack those four regions of density. Results from both biochemical and EM experiments were consistent with a smaller size of these particles relative to the fully assembled sRNP (Fig. 3, A to C, and figs. S11 and S12). Class averages of the Nop5DN/minus fibrillarin sRNP indeed lacked the strong density in the four corners (Fig. 3, D to G). These results provide further evidence that the box C/D sRNP contained four copies of fibrillarin, and likewise four copies of L7Ae and Nop5, and consequently support the di-sRNP model (Fig. 2E) .
The di-sRNP model predicted a molecular mass of 366 kD for the M. jannaschii box C/D sRNP. This size was consistent with the results obtained both by glycerol gradient centrifugation (Fig. 1B) and by gel filtration chromatography  (fig. S2A) . Furthermore, the S value calculated from the EM volume was 11.7 S (13), very close to the observed value of 12 S (Fig. 1B) . Di-sRNP formation was also apparent with a different EM staining technique, the GraFix method of glycerol gradient centrifugation (17) , and with different constructs for protein expression (figs. S13 to S16). Furthermore, the di-sRNP model predicted that the Nop5 proteins are critical for maintaining this conformation, as they would orchestrate the positioning of the two different sRNAs (Fig. 2, D and E) . Previous biochemical experiments showed that some mutations in the coiledcoil domain of Nop5 (Nop5 CC) abrogated methylation activity of the sRNP, whereas others were tolerated (8, 14) . We analyzed these Nop5 CC mutant sRNPs and found that both Nop5mut2 and Nop5mut4 sRNPs, which were previously shown to methylate substrate RNAs (14) , had sizes and dimensions similar to those of sRNPs containing the wild-type Nop5, whereas Nop5DCC sRNPs, which are methylation-deficient (14) , were smaller (Fig. 4 , A to C, and figs. S17 and S18). Collectively, our results indicate that the formation of the di-sRNP structure correlates with efficient methylation activity of the box C/D sRNP.
Our work provides a 3D structure of a catalytically active box C/D sRNP, revealing an unexpected di-sRNP topology. Multimeric RNPs composed of individual RNPs are not unprecedented. Examples include the U4/U6 disnRNP, the U4/U6.U5 tri-snRNP, the U11/U12 di-snRNP, and telomerase (18) (19) (20) (21) (22) (23) . Since the first discovery of a box C/D snoRNA 40 years ago (24) , box C/D sRNPs and snoRNPs have been assumed to consist of one sRNA or snoRNA molecule and one or two sets of each core protein. Contrary to this original assumption, the structure of a reconstituted archaeal box C/D sRNP presented here argues that these complexes form a functionally relevant, unanticipated disRNP structure with an alternative organization of the RNA and protein components. We do not know whether this structure forms in vivo. If it does, then box C/D di-sRNPs could be composed of two different box C/D sRNAs. If multiple guide sequences are used at the same time, a di-sRNP (or di-snoRNP) architecture may be an efficient means by which these RNP chaperones can participate in folding of the long pre-rRNA. Fig. 4 . Formation of the box C/D di-sRNP structure correlates with efficient enzymatic activity. (A to C) sRNPs assembled with Nop5 containing point mutations in the coiled-coil domain [mut2 in (A) and mut4 in (B)] or a deletion of the coiled-coil domain [DCC in (C)] were analyzed by glycerol gradient centrifugation and complexes in peak fractions were visualized by EM after negative staining. Representative class averages of sRNP particles assembled with Nop5mut2 and Nop5mut4, respectively, are shown. The number of images in each class is indicated in the right upper corner of each class average. The sRNP assembled with Nop5DCC was too small for calculation of meaningful class averages.
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